We have previously shown that cryopreservation leads to increased apoptotic death of porcine hepatocytes intended for use in a bioartificial liver (BAL). This study was designed to determine if a broad-spectrum caspase inhibitor, IDN-1965, reduced apoptosis and increased function of cryopreserved porcine hepatocytes in static culture or in a BAL. Porcine hepatocytes were studied immediately after isolation and after 2 weeks of cryopreservation in liquid nitrogen using medium supplemented with 25 µmol/L IDN-1965 or vehicle. Both apoptotic and necrotic cells were observed in cultures of fresh and cryopreserved hepatocytes, but the percentage of apoptotic cells increased after cryopreservation. Cryopreservation in IDN-1965 improved hepatocyte viability and reduced apoptotic cell death determined by TUNEL assay. Cryopreservation of hepatocytes in IDN-1965 was also associated with reduced caspase 3-like activity, decreased release of cytochrome c from mitochondria, and a slower decline in mitochondrial membrane potential after thawing. These markers of apoptosis were lowest after cryopreservation when IDN-1965 was added to both the culture and cryopreservation medium. Functional markers of hepatocyte activity (albumin production, diazepam metabolism, urea production) were also increased after cryopreservation and culture of hepatocytes in medium supplemented with 25 µmol/L IDN-1965. Cryopreservation of porcine hepatocytes in the presence of caspase inhibitor IDN-1965 was associated with reduced apoptosis and improved function of porcine hepatocytes in both static culture and a perfused BAL. These data demonstrate that inhibition of apoptosis also preserves cell function.
INTRODUCTION
the risk of contamination that exists during prolonged culture. However, cryopreservation is associated with The bioartificial liver (BAL) is one therapy develcell dysfunction and cell death (9). oped to stabilize patients experiencing fulminant hepatic In our experience, apoptosis accounts for over 50% failure (FHF) (32). The BAL is a "hybrid" extracorpoof cell death of hepatocytes cryopreserved in liquid nireal device in that it contains hepatocytes, most comtrogen (35) . Isolation, without cryopreservation, has also monly of porcine or human origin, as a biological source been linked to apoptosis of hepatocytes (22) . The purof liver function. Primary porcine hepatocytes have been pose of this study was to determine whether apoptosis used clinically as the source of liver function in at least of cryopreserved hepatocytes was the result of events, three BAL devices (6, 24, 33) . Primary porcine hepatosuch as caspase activation, that occurred at the time of cytes are obtained by in situ perfusion and collagenase cell isolation or if cryopreservation was itself associated digestion of the liver of healthy pigs (6, 29) . Isolated hewith apoptotic cell death. In order to distinguish caspase patocytes can be used in the BAL immediately (fresh) activation that occurred during cell isolation from casor after storage in liquid nitrogen (cryopreservation). pase activation during cryopreservation, an irreversible Cryopreservation allows cells to be isolated at convepan-caspase inhibitor (IDN-1965) was added to the cryonient times and stored by clinical sites prior to emerpreservation medium. We also considered the possibility gency use. Safety tests can also be performed easily on of cytochrome c release from mitochondria in the mechcryopreserved samples of cells. Cryopreservation avoids anism of caspase activation and apoptosis in cryoprethe costs of long-term hepatocyte culture and reduces served hepatocytes. Along with the standard measures of apoptosis [caspase 3-like activity, terminal deoxy-methyl sulfoxide (DMSO). When IDN-1965 (Idun Pharmaceuticals, Inc., La Jolla, CA) was used during cryo-nucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining, nuclear and cytoplasmic features preservation, it was solubilized in DMSO (vehicle) before addition to the cryopreservation medium. Suspensions by electron microscopy], the cytoprotective properties of IDN-1965 were assessed by three classical liver func-of pig hepatocytes were placed in cryo bags (Cryocyte freezing container, Baxter Healthcare, Inc., Chicago, IL) tion tests (albumin production, diazepam metabolism, and ureagenesis). These experiments suggest that cryo-and transferred to a controlled rate freezer (Programmable Freezing Controller, Custom Biogenic Systems, Shel-preservation induces a process involving mitochondrial dysfunction with release of cytochrome c, caspase ac-by Township, MI). After freezing to −90°C, bags of frozen hepatocytes were transferred to and stored in liquid tivation, and subsequent cell death by apoptosis. Inhibitor compounds, such as IDN-1965 , may be used to pro-nitrogen for 2 weeks. Hepatocytes were rapidly thawed, resuspended in an equal volume of William's E medium tect porcine hepatocytes from this process and preserve their viability and function for improved performance in at 37°C, and then washed (centrifuged at 50 × g for 5 min and resuspended) three times before final suspen-a BAL. sion in William's E medium.
MATERIALS AND METHODS
Static Cell Culture All animal procedures were performed under the Cell Entrapment. Fresh and cryopreserved porcine guidelines set by the Mayo Foundation Institutional Anihepatocytes were studied in static culture after entrapmal Care and Use Committee and are in accordance with ment in three-dimensional cylindrical gels of type I colthose set by the National Institutes of Health.
lagen as previously described (23). Briefly, suspensions Hepatocyte Isolation of fresh or cryopreserved hepatocytes were gently centrifuged to form a soft pellet. Supernatant was removed Hepatocytes were isolated from 15-kg pigs by a twoand the hepatocytes were suspended at 5.0 × 10 6 cell/ step collagenase perfusion technique (29) , modified as ml in a protein solution [3:1 mixture of type I collagen previously described (35) . Briefly, following general an-(Vitrogen 100, Collagen Corp., Palo Alto, CA) and fouresthesia and portal vein cannulation, in vivo perfusion fold concentrated William's E medium supplemented was performed with a calcium-free hydroxyethylpiperawith 10% calf serum, 2 mmol/L L-glutamine, 15 mmol/ zine-ethanesulfonic acid (HEPES)-buffered solution [143 L HEPES, 1.5 mg/L insulin, 10,000 U/L penicillin G, mmol/L NaCl, 6.7 mmol/L KCl, 10 mmol/L HEPES, 100 100 mg/L streptomycin, pH 7.6]. The hepatocyte susmg/dl ethylene glycol-bis-aminoethyl ether tetraacetic pension (0.1 ml) was injected into sterile silicone tubing acid (EGTA), pH 7.4]. The liver was excised and per-(0.64-mm internal diameter × 1.2-mm external diameter fused (1.5 L/min × 20 min) at 37°C with a second × 30-cm length; Dow Corning, MI), and incubated at HEPES-buffered solution (67 mmol/L NaCl, 6.7 mmol/ 37°C for 10 min to accelerate gel formation. After 10 L KCl, 4.8 mmol/L CaCl 2 , 100 mmol/L HEPES, 1.0 g/ min of incubation, gels were transferred to culture medl fatty acid-free bovine albumin, pH 7.6) containing dium (1:30 ratio of gel to medium). Culture medium 0.05% collagenase D (clostridiopeptidase A, Boehringer consisted of William's E medium supplemented with Mannheim Corp., Indianapolis, IN). The liver was then 10% calf serum, 0.1% DMSO, 2 mmol/L L-glutamine, placed in a glass dish containing 4°C Williams E me-15 mmol/L HEPES, 1.5 mg/L insulin, 10,000 U/L penidium (Life Technologies, Grand Island, NY) supplecillin G, 100 mg/L streptomycin, 5 mg/L diazepam, pH mented with 10% fetal calf serum, 2 mmol/L L-gluta-7.6, and cultured at 37°C. When used during static cell mine, 15 mmol/L HEPES, 1.5 mg/L insulin, 10,000 U/L culture, IDN-1965 was solubilized in DMSO (vehicle) penicillin G, 100 mg/L streptomycin sulfate. The liver before addition to the culture medium. Samples of culcapsule was peeled back from all lobes, and the liver ture medium and gels containing pig hepatocytes were was gently combed to isolate and suspend hepatocytes collected at specified time points for up to 3 days in into solution. The hepatocytes were filtered through a culture. Medium samples were stored at −20°C prior to 112-µm nylon mesh (Sefar America, Inc., Kansas City, analysis. Some gels were examined by vital staining at MO) and washed (centrifuged at 50 × g for 5 min and the time of sampling, while other gels were fixed in resuspended) three times before final suspension in Wil-Trump's solution or in PBS with 4% paraformaldehyde liam's E medium.
for later analysis by electron microscopy or TUNEL as-Cryopreservation say, respectively. Static Culture Groups. Four static culture groups were Freshly isolated porcine hepatocytes were suspended at 1.0 × 10 6 cells/ml in 20 ml of William's E medium studied as follows. Fresh group: hepatocytes placed in culture immediately after isolation; cryo group: hepato-supplemented with 10% fetal calf serum and 10% di-cytes both cryopreserved and later cultured in the absence Measurement of Apoptosis. TUNEL staining was used to identify and count apoptotic cells as previously de-of IDN-1965; cryo/IDN group: hepatocytes cryopreserved in medium supplemented with 25 µmol/L IDN-scribed (3, 7) . Briefly, gels containing porcine hepatocytes were paraformaldehyde fixed and embedded in 1965 and later cultured in the absence of IDN-1965; cryo/IDN + IDN group: hepatocytes both cryopreserved paraffin. Thin (5 µm) sections of tissue were transferred to glass slides. Tissue sections were dewaxed and TUNEL and later cultured in medium supplemented with 25 µmol/L IDN-1965.
stained using a commercially available in situ apoptosis detection kit (Cat. #57111-KIT, Oncor, Gaithersburg, Perfused Bioaritificial Liver (BAL) MD). Tissue samples were analyzed by epifluorescence Cell Entrapment. Porcine hepatocytes were suspendmicrocopy (Axioscope; Carl Zeiss Inc., Thornwood, ed in a solution of type I collagen as described above.
NY) configured for FITC and DAPI. DAPI counterstain-The hepatocyte/collagen suspension (5 × 10 6 cells/ml × ing was utilized to assess nuclear morphology of cells 18 ml) was injected into the intraluminal space of a holpositive by TUNEL staining (green nuclei). Percent apolow fiber cartridge (polysulfone fibers; 0.2 µm pore diptosis was determined from the ratio: (apoptotic cells/ ameter, Cat# M-C-200-L, Minntech, Minneapolis, MN), total cells) × 100%. and incubated at 37°C for 10 min to accelerate gel Measurement of Caspase 3-Like Activity. Gels of porformation.
cine hepatocytes were removed from culture and washed BAL Apparatus. The BAL apparatus consisted of a once in a phosphate buffer solution. All subsequent steps mammalian cell culture system (Cell-Pharm System were performed at 4°C. Five gels (2.5 × 10 6 cells total) 1500, Unisyn Technologies, Hopkinton, MA). One liter were placed in 1.0 ml of hypotonic buffer (25 mmol/L of William's E medium supplemented with 10% calf se-HEPES, 5 mmol/L MgCl 2 , 1 mmol/L EGTA, pH 7.5) rum, 2 mmol/L L-glutamine, 15 mmol/L HEPES, 1.5 containing freshly added 0.5 mmol/L PMSF, 2 g/ml pepmg/L insulin, 10,000 U/L penicillin G, 100 mg/L strepstatin, and 2 g/ml leupeptin. Cells were lysed by 100 tomycin, 5 mg/L diazepam was recirculated in the extrastrokes using a 2-ml dounce homogenizer with a tightluminal space for up to 3 days. The flow path of the fitting pestle. Once cell lysis was confirmed by phase BAL included a hollow fiber cartridge as outlined above.
contrast microscopy, the homogenate was centrifuged at Temperature (37°C) and pH (7.4) were microprocessor 3000 × g for 3 min to remove nuclei, then ultracentricontrolled by the system. Samples of culture medium fuged at 227,000 × g for 45 min to remove mitochonwere obtained at several time points. dria, lysosomes, and microsomes. Dithiothreitol was added to the supernatant to a final concentration of 2 BAL Groups. For the IDN BAL group, the BAL appammol/L, and samples were frozen at −70°C. Caspase 3ratus contained porcine hepatocytes after cryopreservation like activity was measured later using Ac-Tyr-Val-Alain medium supplemented with 25 µmol/L IDN-1965. For Asp-7-amino-4-methylcoumarin (DEVD-AMC) as the the Cryo BAL group, the BAL apparatus contained porfluorogenic substrate as previously described (1) . Briefly, cine hepatocytes after cryopreservation in medium not cytosolic protein content of each sample was first detersupplemented with IDN-1965. mined. Caspase3-like activity was measured by adding Determination of Apoptosis 50 µg of cytosolic protein to 1.5 ml of buffer containing Electron Microscopy. We performed electron mi-10 mmol/L Pipes (pH 7.2), 100 mmol/L NaCl, 10 mmol/ croscopy for assessing apoptotic cell death. Gels, fixed L dithiothreitol, 0.1% CHAPS, 1 mmol/L EDTA, 10% in Trump's fixative (1% glutaraldehyde and 4% formalsucrose, 0.5 mmol/L PMSF, 100 U/ml Trasylol, and 20 dehyde in 0.1 mol/L phosphate buffer, pH 7.2), were mol/L DEVD-AMC. Fluorescence was determined using rinsed for 30 min in three changes of 0.1 mol/L phosa fluorometer (450; Sequoia-Turner, Mountain View, CA) phate buffer, pH 7.2, followed by a 1-h postfix in phoswith excitation and emission wavelengths of 360 and 480 phate-buffered 1% OsO 4 as previously described (19) .
nm. Standard curves were generated with AMC (27) . After rinsing in three changes of distilled water for 30
Determination of Cell Viability min, the tissue was stained en bloc with 2% uranyl acetate for 30 min at 60°C. Specimens were then rinsed in
The viability of hepatocytes in suspension (i.e., harvest and postthawing) was determined by trypan blue three changes of distilled water, dehydrated in progressive concentrations of ethanol (60-100%) and 100% exclusion (13). The viability of hepatocytes entrapped in three-dimensional collagen gels was determined by propylene oxide, and embedded in Spur's resin (31) . Thin (90 nm) sections were placed on 200-nm mesh a fluorescence vital staining technique with fluorescein diacetate/ethidium bromide (FDA/EB) (21) . GEPH were copper grids and stained with lead citrate. Micrographs were taken with a JEOL 1200 EXII electron microscope incubated in working FDA/EB (5 µg/ml:10 µg/ml) solution for 5 min at 37°C and then washed twice in phos-operating at 60 kV. phate buffer solution. Viability of hepatocytes (100-200 detection. The methodology was developed to inject samples of culture medium directly onto the HPLC cells in three fields at 400× magnification) was quantified with Image Pro Plus 3.0 software (Silver Spring, column without the need for sample extraction. Stock standards were first prepared for diazepam, temazepam, MD) and a epifluorescent micropscope (Axiovert; Carl Zeiss Inc.) configured for FITC (450-490 nm excitation oxazepam, nordiazepam, and diazepam-d 5 (internal standard) at 1 mg/ml in methanol, and then diluted in water filter, 510 nm emission filter). Cells with green staining cytoplasm were scored as viable. Cells with orange stain-to a final concentration of 100 µg/ml of each component. The water-based solutions were diluted in Wil-ing nuclei were scored as dead. Percent viable was determined as: [viable cells/(dead cells + viable cells)] × 100%. liams E culture medium to prepare a series of serial dilution standards ranging from 0.2 to 500 ng/ml. Samples Immunoblot Analysis of Cytosolic Cytochrome c or standards were prepared for injection into the HPLC Cytosolic extracts were prepared by a selective digisystem by mixing 750 µl of sample or standard with ditonin permeabilization technique established and valiazepam-d 5 (final concentration, 1 µg/ml). Aliquots (500 dated by Leist et al. (16) . The extracts were subjected to µl) of sample and internal standard were injected into a SDS-polyacrylamide gel electrophoresis, transferred to SHIMADZU HPLC system consisting of two LC-10AD nitrocellulose, and probed with mouse monoclonal antipumps and an SCL-10AVP controller (Shimadzu Sciencytochrome c antibody (Pharmingen, San Diego, CA) or tific Instruments, Columbia, MD). Samples were loaded goat anti-actin polyclonal antibody (Santa Cruz Biotechonto a trapping cartridge using a mobile phase A connology Inc., Santa Cruz, CA). Immunoblots were develsisting of 95:5 water/acetonitrile with 0.02% trifluorooped using ECL enhanced chemiluminescence reagents acetic acid at a flow of 300 µl/min. Samples were eluted (Amersham Pharmacia Biotech, Buckinghamshire, UK) off of the trapping cartridge, onto the analytical column, after incubation with horseradish peroxidase-conjugated and subsequently off of the analytical column using mosecondary goat anti-mouse IgG or swine anti-goat IgG bile phase B, which consisted of 60:40 acetonitrile/waantibodies (Biosource International, Camarillo, CA). Imter, 0.02% triflouroacetic acid running at a flow rate of munoblots were quantitated by densitometry (Bio-Rad 50 µl/min. A Luna 5µ C18 (100A 150 × 1.00 mm) ana-GS-700 Imaging Densitometer equipped with Molecular lytical column with a 30 × 1.00 mm precolumn (both from Analysis software; version 2.1; Bio-Rad Laboratories Phenomenex, Inc., Torrance, CA) were used. Cleanup Inc., Hercules, CA) assuming linearity of the signal. of the sample was performed using a 4 × 2 mm ID Phenomenex SecurityGuard cartridge (Phenomenex, Inc.,
Mitochondrial Membrane Potential
Torrance, CA) installed in a loop of a six-port automated The mitochondrial membrane potential (MMP) of two-position valve (Rheodyne L.P., Rohnert Park, CA). porcine hepatocytes was determined after staining with A flow splitter was used to limit the flow rate of mobile tetramethylrhodamine ethyl ester perchlorate (TMRE, phase into the mass spectrometer ion source to approxi-Molecular Probes, Eugene, OR) using a modification of mately 8 µl/min. HPLC mass spectrometry was performed a previously described methodology (8) . Hepatocyte gels on a PE SCIEX API 365 (Toronto, Canada) using the were transferred from culture into 1.0 ml of PBS con-Ionspray  Ion Source. Mass spectra were acquired in taining 1 µmol/L TMRE. After 5 min of incubation at positive ion mode using multiple reaction monitoring. 37°C in the dark, hepatocyte gels were transferred to a
The following transitions from protonated molecular ion glass slide and coverslipped. Inverted slides were examto primary fragment ion were monitored: diazepam, m/z ined at 10× magnification using epifluorescence micros-285. to less than unit resolution to allow for greater sensitivthe mean intensity of fluorescence per cell.
ity in MS/MS mode. Data was interpreted using Mac-Quan software, version 1.6 (Applied Biosystems, Foster
Determination of Hepatocyte Functions
City, CA). Diazepam Metabolism. Concentrations of diazepam and its three major metabolites (nordiazepam, temaze-Albumin Production. The concentration of porcine albumin in culture medium was measured by ELISA as pam, oxazepam) were determined by high performance liquid chromatography (HPLC) with mass spectrometry previously described (28) .
Urea Production. The concentration of urea in culture IDN-1965 were apoptotic after 24 h of culture (cryo/ IDN group). The lowest level of apoptosis was observed medium was determined by a colorimetric method based on urea nitrogen (Sigma, kit #535-B, St. Louis, MO). after 24 h of culture when porcine hepatocytes were cryopreserved and cultured in medium supplemented Statistical Analysis with IDN-1965 (14 ± 2%, p < 0.001 vs. cryo). The percentage of dead cells that were apoptotic after cryopres-Data from two separate pig hepatocyte isolations ervation and 24 h of culture ranged from 74% (cryo were used in the analysis. An unpaired two-sided Stugroup) to 51% (cryo/IDN group) to 31% (cryo/IDN + dent's t-test was used to compare data between groups IDN group). Similarly, percent viability of cells after 24 from the same isolation. Values were reported as mean ± h of culture was greatest when porcine hepatocytes were SD unless otherwise indicated with p < 0.05 considered cryopreserved and cultured in medium supplemented significant. Rates of metabolic function (albumin prowith IDN-1965. The percent viability and percent apoduction, urea production, diazepam metabolism) were ptosis of pig hepatocytes in the fresh group and cryo/ normalized to the total number of cells present at the time IDN + IDN group were similar after 24 h of culture. of cell seeding to the culture well or BAL apparatus.
Caspase 3-Like Activity Reduced by IDN-1965 RESULTS
Caspase 3-like protease activity was measured by Static Culture Experiments cleavage of fluorescent substrate DEVD-AMC. The cas-Apoptosis of cryopreserved porcine hepatocyte was pase 3-like protease activity of cryopreserved porcine reduced by IDN-1965 . Percent viability and percent apohepatocytes peaked in culture 6 h after thawing (Fig. 2 ). ptosis of porcine hepatocytes following cryopreservation Caspase 3-like protease activity was reduced by addition are summarized in Table 1 . Cell viability decreased from of IDN-1965 to the cryopreservation medium, and was 96 ± 1% at harvest to 89 ± 2% (cryopreserved with IDNlowest if IDN-1965 was also added to the culture me-1965) or 86 ± 2% (cryopreserved without IDN-1965) dium. The caspase 3-like activity of freshly isolated porafter thawing. Features of apoptosis (chromatin condencine hepatocytes also peaked after 6 h in culture, but sation, blebbing, organelle body formation) were apparthis level was lower than that of cryopreserved porcine ent as early as 2 h in culture. By 6 h in culture, these hepatocytes. features were well established and most predominant in Cytochrome c Release Reduced by IDN-1965 the group of hepatocytes that had been cryopreserved without IDN-1965 ( Fig. 1) . Along with chromatin con-Cytochrome c release from mitochondria to cytosol of porcine hepatocytes was determined by cytosol im-densation and organelle body formation, hepatocytes that showed signs of apoptosis also contained damaged munoblotting after 6 h of culture. Band densities of cytochrome c and β-actin (internal standard) were measured mitochondria with disrupted inner mitochondrial membranes at high power ( Fig. 1 ). After 24 h of culture, and these ratios (cyt-c/β-actin) were used to compare the cytochrome c release between culture conditions. Ex-40 ± 4% of porcine hepatocytes were apoptotic by TUNEL stain when both cryopreserved and cultured in periments were performed in duplicate. Low levels of cytochrome c were detected in the cytosolic fraction of the absence of IDN-1965 (Table 1 ). In contrast, 25 ± 7% (p < 0.01) of hepatocytes cryopreserved in (25 µmol/L) freshly cultured hepatocytes, confirming its transloca- tion from mitochondria to cytosol (Fig. 3) . The translo-
MMP Stabilized by IDN-1965 cation of cytochrome c from mitochondria to cytosol was
Cultures of fresh porcine hepatocytes maintained increased significantly after cryopreservation. Supplemenstable levels of MMP over 24 h of culture ( Fig. 4) . Howtation of IDN-1965 to the cryopreservation medium reever, MMP decreased steadily in all three cryopreservaduced the release of cytochrome c from mitochondria to tion groups. Addition of IDN-1965 to the cryopreservacytosol by 21% below cryo group. Cytochrome c release tion medium had a beneficial effect on MMP, as did was further reduced by supplementation of culture meaddition of IDN-1965 to the culture medium after cryodium with IDN-1965 after cryopreservation in IDN-1965 preservation. by 34%% below cryo group.
Metabolic Function Improved After Cryopreservation With IDN-1965 Diazepam Metabolism. The elimination of diazepam and the ability of cultured porcine hepatocytes to convert diazepam to its major metabolites (nordiazepam, temazepam, oxazepam) were used to assess cytochrome p450 activity in static culture. Diazepam elimination was approximately 50% lower after cryopreservation (cryo group) compared with cultures of fresh porcine hepatocytes (26.6 ± 3.9 vs. 52.4 ± 1.9 µg/h/10 8 cell, p < 0.001). Administration of IDN-1965 during cryopreservation significantly improved the rate of diazepam elimination after thawing (cryo/IDN group, 37.2 ± 1.1 µg/h/10 8 cell, p < 0.001) compared with the cryo group. As shown in Figure 5 , the initial concentration of diazepam (17.560 µmol/L) was significantly higher than the total concen- the concentration of temazepam in the fresh group Porcine Albumin Production. Albumin production was significantly lower in cultures of cryopreserved hepato-(0.120 ± 0.016 µmol/L) was much lower than its concentration in each of the cryopreservation groups (cryo, cytes (cryo group) compared with similar cultures of freshly isolated hepatocytes on day 1 (4.5 ± 1.0 vs. 8.9 ± 1.2 1.315 ± 0.144 µmol/L; cryo/IDN, 0.962 ± 0.049 µmol/L; cryo/IDN + IDN, 0.660 ± 0.043 µmol/L, p < 0.001). On mg/h/10 8 cells, p < 0.001). Addition of IDN-1965 to both cryopreservation medium and culture medium signifi-the other hand, the concentration of nordiazepam was higher in the fresh group (1.966 ± 0.122 µmol/L) than cantly increased albumin production at that time point (6.2 ± 0.7 mg/h/10 8 cells, p < 0.01). A similar set of cul-its concentration in each of the cryopreservation groups (cryo, 1.478 ± 0.237 µmol/L; cryo/IDN, 1.133 ± 0.141 tures was continued for 3 days. The benefit of IDN-1965 on porcine albumin production after cryopreservation µmol/L; cryo/IDN + IDN, 0.962 ± 0.128 µmol/L, p < 0.001). Our metabolite data suggest that temazepam un-was even more pronounced on day 3 (6.6 ± 0.6 cryo/ IDN + IDN vs. 3.3 ± 0.3 cryo, p < 0.001) as illustrated derwent secondary conjugation to a much greater extent than nordiazepam in cultures of porcine hepatocytes.
in Figure 6 . Albumin production by cultured porcine hepatocytes was reduced following cryopreservation. Addition of caspase inhibitor to the cryopreservation and culture media improved this function, which also appeared to recover with greater time in culture. All measurements were determined from the same hepatocyte isolation.
Urea Production. Urea production showed no signif-porcine hepatocytes (96.2 ± 25.1 vs. 34.4 ± 7.2 µg/h/10 8 cells, p < 0.05). icant benefit in the first day of culture from using a caspase inhibitor during cryopreservation (cryo/IDN group, Albumin Production. Production of porcine albumin 8.5 ± 0.8 µg/10 8 cells vs. cryo group, 6.4 ± 2.5 µg/h/10 8 was significantly increased in IDN BAL devices comcells, p > 0.05). In contrast, on day 3 of culture, urea pared with cryo BAL devices containing untreated cryoproduction by porcine hepatocytes was significantly preserved porcine hepatocytes (1.49 ± 0.74 vs. 0.89 ± greater in the cryo/IDN + IDN group compared with the 0.39 µg/h/10 8 cell, p < 0.05). cryo group (5.1 ± 1.5 µg/h/10 8 cells vs. 3.3 ± 0.8 µg/h/ 10 8 cells, p < 0.05).
DISCUSSION
Cryopreserved porcine hepatocytes are a ready sup-Metabolic Function of BAL Improved by IDN-1965 ply of metabolic function for use in a BAL. However, BAL devices were loaded with porcine hepatocytes function of these cells is reduced by apoptotic death cryopreserved in the presence or absence of IDN-1965 after cryopreservation. In the current study, apoptosis and operated under perfused conditions for 24 h (n = 4/ accounted for 34% of cell death after 24 h of culture group).
(fresh group-isolation without cryopreservation) com-Diazepam Metabolism. Administration of IDN-1965 pared with 74% after culture and cryopreservation (cryo to the cryopreservation medium was associated with group). Both rates of apoptosis are significant and sughigher rates of diazepam metabolism in the perfusate of gest that the mechanism(s) of apoptosis after isolation IDN BAL devices compared with cryo BAL devices conand cryopreservation of porcine hepatocytes are additaining untreated cryopreserved porcine hepatocytes. The effectiveness of IDN-1965 in reducing caspase vices did not differ significantly, however. The lack of activity and in preventing apoptosis of parenchymal cells difference was believed to reflect a high rate of nonspeand endothelial cells of the liver in vivo was previously cific binding of diazepam to the BAL apparatus (tubing established in both a lethal endotoxic shock model (antiand hollow fibers) in both groups.
Fas antibody-mediated apoptosis) and an ischemia-reperfusion injury model, respectively (12, 20) . The studies Urea Production. Production of urea was significantly increased in IDN BAL devices compared with using anti-Fas antibody suggest that IDN-1965 interfered with the processing of caspases 3, 6, and 8, as well cryo BAL devices containing untreated cryopreserved as BID (12). Other studies have shown that IDN-1965 branes. The freeze-thaw injury of cryopreservation is more similar to the ischemia-reperfusion injury experi-also has potent inhibitory activity against caspase 9 based on a low dissociation constant of enzyme inhibitor enced by endothelial cells after normothermic clamping of the portal hilum (15) or cold preservation injury of complex (K i ) (34) . Our study confirms that the presence of 25 µmol/L IDN-1965 during cryopreservation and donor livers used in transplantation (20). Anoikis and freeze-thaw injury share a similarity in culture of porcine hepatocytes was sufficient to reduce caspase 3-like activity to undetectable levels (Fig. 2) , a that caspase activation and cell death follow the release of cytochrome c from injured mitochondria in both cases significant decline from levels in fresh hepatocyte cultures and hepatocytes that were cryopreserved and cul- (5, 11) . Cytochrome c is normally located in the intermembrane space of mitochondria, but can be released tured in the absence of the caspase inhibitor.
One of the reasons for cryopreserving porcine hepa-through pores that form in the outer mitochondrial membrane (14, 25) . Once released, cytochrome c initiates the tocytes in the presence and absence of a caspase inhibitor was to determine whether apoptosis of cryopreserved caspase cascade by first activating caspase 9 in an ATPdependent complex (18). Activation of other caspases hepatocytes was the result of caspase activation at the time of cell isolation or if cryopreservation was associ-and amplification of the caspase cascade follows and results in apoptosis (30). The balance between apoptosis ated with an independent mechanism(s) of apoptotic cell death. Rates of apoptosis and caspase 3-like activity were and necrosis after mitochondrial injury is believed to involve, among other things, the extent of mitochondrial significantly lower in cultures of fresh hepatocytes (fresh group) than cultures of hepatocytes cryopreserved, but injury and the energy state (i.e., ATP levels) of the cell prior to injury (17). Our data suggest that the balance not cultured, in IDN-1965 (cryo/IDN group). Because IDN-1965 is an irreversible caspase inhibitor (34) , these between apoptosis and necrosis may also be influenced by the use of a caspase inhibitor. For example, data in observations suggest that additional caspases are activated by cryopreservation, independent of caspase activation Table 1 indicate that the percentage of hepatocytes dying from necrosis may be increased with a caspase in-at the time of cell isolation. Addition of IDN-1965 to both the cryopreservation medium and the culture me-hibitor. The difference in apoptosis between the cryo/ IDN + IDN group and the cryo group was 26%, but via-dium (cryo/IDN + IDN group) restored rates of apoptosis and cell viability to those of noncryopreserved bility was only increased 9%. These data suggest that a significant number of cells (approximately 17%) expe-hepatocytes (fresh group). The observation of residual apoptosis after complete inhibition of caspase 3-like ac-rienced a lethal mitochondrial injury during cryopreservation that could not be rescued by caspase inhibition tivity with IDN-1965 (cryo/IDN + IDN group) suggests that other noncaspase-dependent mechanism(s) of apo-alone.
In this study, we considered the release of cytochrome ptosis also exist.
Probable causes of apoptosis during isolation and cryo-c from dysfunctional mitochondria as a mechanism of caspase activation and apoptosis in cultures of freshly preservation of hepatocytes include the following, respectively: 1) activation of proapoptotic species after isolated hepatocytes and cryopreserved hepatocytes. Cytosolic levels of cytochrome c peaked at 4-6 h of cul-separation of liver cells from their supporting extracellular matrix, a process termed anoikis or "homelessness" ture, both after isolation and after cryopreservation. Peak levels of cytochrome c coincided with peak levels of (4); 2) mitochondrial changes associated with ischemia and freeze-thaw injury during cryopreservation. Death caspase 3-like activity and the onset of ultrastructural features of apoptosis. The coincidence of these events receptor activation during hepatocyte isolation is another possibility; however, its likelihood is low in the setting suggests that the release of cytochrome c from mitochondria occurred up to 6 h after cell isolation and cell of uncomplicated cannulation and rapid flushing of the portal venous system. thawing and was followed by rapid activation of caspases and irreversible features of apoptosis. These events Hepatocytes are anchorage-dependent cells that require an extracellular matrix to maintain viability and are summarized in Figure 7 . The mild influence of IDN-1965 on cytochrome c release after hepatocyte cryopres-differentiated phenotype. It follows that anoikis, a caspase-mediated process resulting from cytoskeletal per-ervation, illustrated in Figure 3 , suggests the presence of a caspase-mediated feedback loop on mitochondrial turbations after extracellular matrix separation (5) , is a likely contributor to apoptosis in our experimental sys-depolarization. Improvement in MMP after cryopreservation in IDN-1965 may also be explained by inhibition tem. Cytoskeletal perturbations of anoikis result in indirect mitochondrial injury mediated by members of the of such a feedback loop. Feedback inhibition was greatest with the addition of caspase inhibitor to both cryo-Bcl-2 family (i.e., Bmf) (26). In contrast to the indirect injury of mitochondria in anoikis, cryopreservation causes preservation medium and culture medium. Along with reduced features of apoptosis, caspase in-a direct injury to mitochondria and mitochondrial mem- hibition was associated with improved function of hepa-production is important as a synthetic function specific to hepatocytes, while the conversion of ammonia to urea tocytes in both static culture and perfused BAL conditions after cryopreservation. The functions measured and metabolic elimination of diazepam are important to the development of hepatic encephalopathy (2). were selected because of their clinical relevance and importance to successful operation of a BAL. Albumin Pathways in the metabolism of diazepam by cultured 
